Anidulafungin is an echinocandin with activity against Candida species and Aspergillus species. Adult dosages under study are 50 mg/day for esophageal candidiasis and 100 mg/day for invasive candidiasis and aspergillosis. Little is known, however, about the safety and pharmacokinetics of anidulafungin in children. A multicenter, ascending-dosage study of neutropenic pediatric patients was therefore conducted. Patients were divided into two age cohorts (2 to 11 years and 12 to 17 years) and were enrolled into sequential groups to receive 0.75 or 1.5 mg/kg of body weight/day. Blood samples were obtained following the first and fifth doses. Anidulafungin was assayed in plasma, and pharmacokinetic parameters were determined. Safety was assessed using National Cancer Institute (NCI) common toxicity criteria. Pharmacokinetic parameters were determined for 12 patients at each dosage (0.75 mg/kg/day or 1.5 mg/kg/day). Concentrations and drug exposures were similar for patients between age cohorts, and weight-adjusted clearance was consistent across age. No drugrelated serious adverse events were observed. One patient had fever (NCI toxicity grade of 3), and one patient had facial erythema, which resolved with slowing the infusion rate. Anidulafungin in pediatric patients was well tolerated and can be dosed based on body weight. Pediatric patients receiving 0.75 mg/kg/day or 1.5 mg/kg/day have anidulafungin concentration profiles similar to those of adult patients receiving 50 or 100 mg/day, respectively.
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Anidulafungin is a novel antifungal agent of the echinocandin class with activity against Candida and Aspergillus species (2, 3, 6, 8, 9, 11-15, 18, 19) . This drug has been studied with adult patients at dosages ranging from 50 to 100 mg/day for the treatment of esophageal candidiasis, invasive candidiasis, and candidemia, where it has been demonstrated to be well tolerated (4, 5) . A population pharmacokinetic analysis of plasma samples from 225 adult patients treated with anidulafungin demonstrated a two-compartment model with first-order elimination kinetics (5) . Weight and gender are covariates in this model but have only a small impact on the plasma concentrations of anidulafungin. Dose modifications because of weight or gender differences in adults are therefore not required for anidulafungin (5) . Although much is known about the pharmacokinetic properties of anidulafungin in adults, very little information regarding its properties in pediatric patients is known.
Among the immunocompromised pediatric patients at high risk for development of invasive fungal infections are hospitalized children who have become neutropenic as a result of chemotherapy or other therapeutic interventions, such as hematopoietic stem cell transplantation (1, 18) .
The present study was conducted to assess the safety, tolerability, and pharmacokinetics of anidulafungin administered empirically to neutropenic children at high risk for invasive mycoses.
MATERIALS AND METHODS
Objectives and study design. This was a multicenter, open-label, dosageescalation study designed to determine the safety, tolerability, and pharmacokinetics of intravenous anidulafungin administered as early empirical therapy for the prevention of invasive fungal infections in immunocompromised hospitalized children with neutropenia.
Key enrollment criteria. Children, 2 to 17 years of age, with neutropenia resulting from cytotoxic chemotherapy or aplastic anemia were eligible to participate in the study if the expected duration of neutropenia was to be at least 10 days. Neutropenia was defined as an absolute neutrophil count (ANC) of Ͻ500 neutrophils/mm 3 or an ANC of Ͻ1,000 neutrophils/mm 3 that was expected to fall below 500 neutrophils/mm 3 within 72 h. A total of 24 patients meeting all entry criteria were to be enrolled equally into two age cohorts, 2 to 11 and 12 to 17 years of age.
Major exclusion criteria included proven invasive fungal infection at study entry, prior treatment with systemic antifungal agents other than oral nonabsorbable azoles, previous exposure to anidulafungin, serum levels of aspartate aminotransferase or alanine aminotransferase more than 5 times the upper limit of normal, serum levels of total bilirubin more than 2.5 times the upper limit of normal, or an estimated creatinine clearance less than 30 ml/min.
The appropriate institutional review boards at each of the five participating centers approved the study. Prior to the start of the study, written, informed consent was obtained from each patient or guardian.
Study drug administration. The dosages of anidulafungin studied with these children were extrapolated from adult studies. A pediatric dosage of 0.75 mg/kg of body weight/day was chosen to represent the anidulafungin concentrationtime profile achieved following the administration of 50 mg/day to adults. The 1.5 mg/kg/day dosage was chosen to represent the anidulafungin concentration-time profile achieved following the administration of 100 mg/day to adults. A weightbased dosage with children is consistent with the pharmacokinetic properties of anidulafungin, i.e., the distributive volume is a function related to patient weight and elimination is by degradation (5, 7) . Weight-based dosages used in the present study are consistent with algorithms reported for dosage adjustments from children to adults (16) .
Anidulafungin was administered intravenously to two dosage groups within each age cohort. The low-dosage group received a loading dose of 1.5 mg/kg infused over 90 min on day 1 that was not to exceed a total dose of 100 mg and daily maintenance dosages of 0.75 mg/kg infused over 45 min that were not to exceed 50 mg each day. The high-dosage group received a loading dose of 3 mg/kg infused over 180 min on day 1 that was not to exceed a total dose of 200 mg and daily maintenance doses of 1.5 mg/kg infused over 90 min that were not to exceed 100 mg each day. Anidulafungin was administered to each patient once daily at approximately the same time each day. The duration of treatment was between 5 and 28 days. Patients were to receive study drug for at least 5 days and until one of the following criteria were met: recovery from neutropenia (ANC Ͼ 500 neutrophils/mm 3 ), initiation of empirical antifungal therapy per local standard of care, proven invasive fungal infection, or until 28 days of anidulafungin therapy was administered, whichever occurred first.
Anidulafungin was not administered to the high-dosage group until after safety and pharmacokinetic data obtained from all patients in the low-dosage group were reviewed independently by the investigators and the industrial sponsor. Restrictions on dosage escalation included no more than two patients in the corresponding age cohort in the low-dosage group experiencing non-infusionrelated toxicity with an intensity of National Cancer Institute (NCI) common toxicity criteria (CTC) (10) grade 3 or above and no more than two patients in the corresponding age cohort in the low-dosage group experiencing infusionrelated dyspnea with an intensity of grade 3 or above.
Pharmacokinetic sampling. On days 1 and 5, venous blood samples (3 ml) were drawn into heparinized collection tubes from sites other than the injection site up to 2 h before, immediately after the completion of, and 3, 6, 12, and 24 h after the start of the anidulafungin infusion. Trough concentrations of anidulafungin were determined from venous blood samples drawn up to 2 h before the start of anidulafungin infusion on days 3, 7, and 28 or the last day of administration. Collection tubes were immediately placed on ice and, within 30 min, were centrifuged (1,500 ϫ g for 10 min) at approximately 4°C. Plasma was stored in transfer tubes at Ϫ80°C until analyzed.
Anidulafungin assay. Plasma samples were assayed for anidulafungin by use of a validated liquid chromatography-tandem mass spectrometry method (MDS Pharma Services, Montreal, Quebec, Canada). The method was validated in the linear range from 0.100 to 20.0 g/ml, which was extended to 40 g/ml by use of a 10-fold dilution. Overall precision of the method using quality control samples, as measured by relative standard deviation, was less than or equal to 9.8%. Overall accuracy, as measured by the percentage of theoretical recovery for anidulafungin, ranged from 97.5% to 106%. The accuracy for the twofold diluted control was 98.1%. Anidulafungin is stable in plasma stored at Ϫ20°C for up to 114 days and at Ϫ80°C for up to 14 months (Prevalere Life Sciences, Inc., Whitesboro, NY).
Pharmacokinetic measures. Pharmacokinetic parameters for anidulafungin were determined following the loading dose (day 1) and at steady state (day 5) for each patient from plasma concentration data using noncompartmental methods (WinNonlin Professional version 4.1; Pharsight Corp., Mountain View, CA). Pharmacokinetic measures were maximum observed plasma concentration (C max ), area under the plasma concentration-time curve (AUC) through 24 h after the first dose (AUC 0-24 ) or at steady state (AUC ss ) calculated by the linear trapezoidal rule, clearance (CL) calculated by dividing dose by AUC, volume of distribution at steady state (V ss ) calculated by multiplying the dose by the ratio of the area under the first moment curve to the square of AUC, and terminal elimination half-life (t 1/2 ) calculated from a linear regression of the log-linear portion of the log concentration-time curve. Trough concentrations of anidulafungin were summarized by collection day.
Safety measures. Safety of anidulafungin was assessed from the frequency, intensity, and relationship to study drug of adverse events throughout the study. These included daily vital sign measurements (body temperature, blood pressure, and heart rate) and the results of clinical laboratory tests (hematology and serum chemistry) that were performed before anidulafungin administration on day 1, on days 3 and 5 of the study, and then twice weekly while patients received anidulafungin. An electrocardiogram was performed before anidulafungin administration on day 1 and within 1 h after anidulafungin administration on day 5. These were interpreted by an independent central laboratory (Cardiabase, Nice, France). Prior and concomitant medications were recorded for each patient. Adverse events were graded according to the NCI CTC and reported as mild (CTC grade 1), moderate (CTC grade 2), or severe (CTC grades 3 or 4).
Microbiology measures. Duplicate aerobic screening blood cultures obtained from all patients were evaluated to exclude candidemia within 24 h before study entry. Cultures were obtained once daily for febrile patients and as clinically indicated for all others.
Efficacy measures. A limited analysis of efficacy of anidulafungin was performed as a secondary end point of this study. The clinical outcome for each patient was categorized by the investigator as success (if the patient recovered from neutropenia without investigator-diagnosed deeply invasive fungal infection), failure (if the patient required systemic antifungal therapy for investigatordiagnosed breakthrough proven invasive fungal infection), or indeterminate (if anidulafungin was discontinued for reasons other than failure).
Analysis populations. Data from all patients who received at least one dose of anidulafungin were analyzed for safety and tolerability and, secondarily, for efficacy. Data from all patients who received anidulafungin and who provided blood samples were included in summaries of the pharmacokinetic profiles. Safety and pharmacokinetic parameters were summarized by age cohort within each dosage group.
RESULTS
Patients. Twenty-five patients, 12 in the 2-to 11-year old cohort and 13 in the 12-to 17-year old cohort, were enrolled in four centers; all received at least one dose of anidulafungin. The median age (range) of all patients enrolled was 13 years (2 to 16 years). The median ages (ranges) of the younger cohorts were 9 years (3 to 11 years) and 8 years (2 to 11 years) for the low-and high-dosage groups, respectively. The median age (range) for both the low-and the high-dosage group of the older cohort was 14 years (13 to 16 years). The median weights of the younger cohorts were 26.6 and 34.8 kg for the low-and high-dosage groups, respectively, and 58.7 and 56.4 kg, respectively, for the older cohorts in the corresponding dosage groups ( Table 1) .
The mean duration of treatment was 8.7 days (1 to 23 days). Twenty-three (92%) patients received study drug for at least 5 days; one patient who received one dose of study drug was replaced, and one patient received study drug for 4 days.
All patients had an ANC of Ͻ500 neutrophils/mm 3 before receiving their first dose of study drug. As shown in Table 1 , the most common hematological baseline diseases were acute myelogenous leukemia, aplastic anemia, and acute lymphocytic leukemia. The most common types of hematopoietic stem cell transplants were nonmyeloablative and matched unrelated (five patients each). Two patients received myeloablative transplants: one patient received a transplant from a matched, related donor, and one patient received an autologous transplant. Three patients received unrelated cord blood transplants. There was no discernible pattern of distribution of baseline diseases across the dosage groups or age cohorts, with the exception that four patients with aplastic anemia were in the 12-to 17-year old cohort and were coincidentally enrolled in the high-dosage group.
Pharmacokinetic profile of anidulafungin. The pharmacokinetic profile of anidulafungin was determined from 320 plasma concentrations obtained from 24 children. Anidulafungin plasma concentration-time curves following the first and fifth doses are presented for each dosage group in Fig. 1 . The pharmacokinetic parameters following the loading dose and at steady state are shown in Tables 2 and 3, respectively. Exposure to anidulafungin increased in a manner consistent with dose proportionality within both age cohorts. Maximum anidulafungin plasma concentrations occurred immediately after administration; steady-state plasma concentrations were achieved after administering the loading dose. Trough anidu-lafungin plasma concentrations remained constant throughout the study, ranging from approximately 0.5 to 3 mg/ml for patients in the low-dosage group and from approximately 1 to 5 mg/ml for patients in the high-dosage group. The mean steadystate values of CL, V ss , and t 1/2 were 0.018 liters/h/kg, 0.54 liters/kg, and 22.9 h, respectively, for patients receiving 0.75 mg/kg/day versus 0.016 liters/h/kg, 0.43 liters/kg, and 19.9 h, respectively, for patients receiving 1.5 mg/kg/day. Interpatient variability in CL and V ss is explained by body weight but not patient age (Fig. 2) . Safety and tolerability. All patients experienced at least one adverse event; most of these events were mild or moderate in severity. The most common adverse events regardless of relationship to study drug experienced by at least 5 (20%) patients were fever in 11 (44%) patients; graft-versus-host disease, mucosal inflammation, and vomiting in 6 (24%) patients each; and cough, hypertension, and hypomagnesemia in 5 (20%) patients each.
In the 0.75-mg/kg dosage group, three (12%) patients experienced adverse events that led to discontinuation of anidulafungin. These included two fevers unrelated to study drug and one grand mal seizure attributed to imipenem-cilastatin. Four (16%) patients experienced adverse events considered by the investigator to be possibly or probably related to anidulafungin. These events included feeling abnormal, facial erythema and rash, elevation in serum blood urea nitrogen, and fever and hypotension.
Five (20%) patients in the low-dosage group experienced 13 serious adverse events; all events were considered by the investigators to be unrelated or likely unrelated to anidulafungin. All but one serious adverse event in the low-dosage group (septic shock that was reported on day Ϫ2) occurred off therapy, that is, from 1 to 48 days after the last administration of anidulafungin. All serious adverse events in the low-dosage group occurred as single events, and none were attributed to study drug by the investigators. One patient in the low-dosage group died within 30 days after the last administration of anidulafungin from multiorgan failure secondary to Pseudomonas aeruginosa sepsis that was considered to be unrelated to participation in the clinical study.
One patient (a 16-year-old boy) in the low-dosage group experienced moderate facial erythema and rash at the start of study drug infusion, which were not accompanied by additional adverse events of wheezing or hypotension. The erythema and rash resolved within 1.5 h after interruption of the study drug. Subsequent resumption and 10 other infusions of anidulafungin occurred without recurrence of these adverse events in this patient. No other infusion or injection site reactions were reported among any of the other patients who received anidulafungin.
No patients in the 1.5-mg/kg dosage group experienced adverse events that led to discontinuation of anidulafungin or that were considered by the investigators to be possibly or probably related to the drug. Five (20%) patients in this highdosage group experienced a total of 12 serious events, none of which were considered to be related to anidulafungin administration. Most of these adverse events were reported to occur in children in the 2-to 11-year cohort, and all but one event (neuropathy reported on day 11) were reported between 3 and 27 days following the last dose of anidulafungin. All serious adverse events in the high-dosage group occurred as single events, with the exception of two patients who experienced respiratory failure.
Two patients died within 30 days after the last administration of study drug (21 and 26 days, respectively); the primary causes of death were multisystem organ failure secondary to on October 30, 2017 by guest http://aac.asm.org/ pseudomonas sepsis and respiratory failure, respectively. Both deaths were unrelated to anidulafungin per investigator attribution. A third patient died from progression of acute myelogenous leukemia 99 days after the last administration of study drug.
Changes from baseline hematology values were attributed to changes in underlying disease or therapy and generally improved during the study. No patient had concurrent values of more than one clinical laboratory parameter of potential clinical concern that suggested impaired hepatic or renal function.
No clinically significant changes from baseline in cardiac conduction, cardiac rhythm, or repolarization parameters were observed during anidulafungin treatment. No central tendency effect upon QTc interval was identified. For all patients, the use of prior and concomitant medications was consistent with underlying disease and treatment.
Efficacy. No patient in the study was diagnosed with an invasive fungal infection.
DISCUSSION
This was the first pediatric study to evaluate the pharmacokinetics, safety, and tolerability of anidulafungin. With the exception of one infusion-related event associated with erythema and dyspnea, the results from this study demonstrate that anidulafungin was well tolerated by these pediatric patients. In addition, no untoward trends in serum chemistry, hematology, or electrocardiographic studies were observed for any of the dosage groups or age cohorts.
In this study, plasma concentrations and exposures of anidulafungin observed with children receiving weight-adjusted dosages of 0.75 mg/kg/day and 1.5 mg/kg/day were consistent with dose proportionality and were similar to those observed with adults who were treated for esophageal candidiasis and candidemia with 50 mg/day and 100 mg/day of anidulafungin, respectively (5) . As also seen with adults, steady-state anidulafungin plasma concentrations were achieved in children after the first loading dose, which was twice the amount of each successive maintenance dose. Steady-state anidulafungin plasma concentrations in children and adults receiving the lower dosage (0.75 mg/kg/day and 50 mg/day, respectively) remained above 1 mg/liter; doubling the dosage in children and adults (to 1.5 mg/kg/day and to 100 mg/day, respectively) doubled the steady-state anidulafungin plasma concentration to above 2 mg/liter (5) . Corresponding values of AUC ss in children and adults also doubled, from approximately 50 mg · h/liter to 100 mg · h/liter. The mean elimination half-life of anidulafungin approximated 20 h for each age cohort in each dosage group. This 20-h t 1/2 for children is comparable to the 26.5-h t 1/2 for adults (5) and supports once-daily dosing in the pediatric population as administered to adults in clinical studies. Anidulafungin plasma concentrations and pharmacokinetic parameters were comparable between age cohorts within each dosage group, supporting weight-adjusted dosages for children older than 2 years of age. Body weight of pediatric patients, but not patient age, affected anidulafungin CL and V ss . These findings were expected because anidulafungin is nonenzymatically degraded in the body. Elimination of anidulafungin is not The results of this study cannot be extrapolated to other echinocandins. For example, caspofungin is subject to biotransformation by metabolism and requires a dosage adjustment based upon a calculation of body surface area rather than a weight-adjusted scale. This is due largely to a reduced t 1/2 for children relative to that for adults (17) .
Both the 0.75-and 1.5-mg/kg daily doses of empirically administered anidulafungin were well tolerated in the neutropenic children who participated in this study. There were no discernible patterns of toxicity or evidence of a dose-response relationship between dosage groups in adverse-event intensity or attribution, the frequency of serious adverse events or adverse events leading to discontinuation of study drug, or the number of patient deaths. Anidulafungin was not associated with hepatic or renal impairment in these children with neutropenia. In this small study, no central tendency effect upon QTc interval was identified.
Infusion-related toxicity consisting of flushing and dyspnea without hypoxia was observed to occur in one older child in the high-dosage group. The symptoms rapidly improved upon stopping the infusion and administration of diphenhydramine. The symptoms observed with this patient were reminiscent of the "red man syndrome," due to vancomycin-mediated systemic histamine release. The infusion was resumed after the symptoms abated, and no subsequent adverse events were reported. This suggests that infusion-related flushing and dyspnea may be managed without discontinuing anidulafungin and with close observation, supportive care, and careful reinstitution of the infusion.
Although the efficacy of anidulafungin was not a primary component of this study, no child in this study at high risk for In conclusion, anidulafungin dosages of 0.75 mg/kg/day and 1.5 mg/kg/day demonstrate concentration-time profiles similar to those of adult patients receiving 50 or 100 mg/day, respectively. Anidulafungin at these dosages was found to be well tolerated in neutropenic children older than 2 years of age and should be considered in future clinical trials designed to study the prevention and treatment of invasive fungal infections in pediatric patients at high risk for these mycoses.
